Symbiotic hetero-nanocomposites prevail in many classes of minerals, functional substances and/or devices. However, design and development of a symbiotic hetero-nanocomposite that contains unachievable phases remain a significant challenge owing to the tedious formation conditions and the need for precise control over atomic nucleation in synthetic chemistry. Herein, we report a solution chemistry approach for a symbiotic hetero-nanocomposite that contains an unprecedented CaCl 2 -type titania phase inter-grown with rutile TiO 2 . CaCl 2 structured TiO 2 , usually occurring when bulk rutile-TiO 2 is compressed at an extreme pressure of several GPa, is identified to be a distorted structure with a tilt of adjacent ribbons of the c-axis of rutile. The structural specificity of the symbiotic CaCl 2 /rutile TiO 2 hetero-nanocomposite was confirmed by Rietveld refinement, HRTEM, EXAFS, and Raman spectra, and the formation region (TiCl 4 concentration vs. reaction temperature) was obtained by mapping the phase diagram. Due to the symbiotic relationship, this CaCl 2 -type TiO 2 maintained a high stability via tight connection by edge dislocations with rutile TiO 2 , thus forming a CaCl 2 /rutile TiO 2 heterojunction with a higher reduction capacity and enhanced charge separation efficiency. These merits endow symbiotic CaCl 2 /rutile TiO 2 with a water splitting activity far superior to that of the commercial benchmark photocatalyst, P25 under simulated sunlight without the assistance of a cocatalyst. Our findings reported here may offer several useful understandings of the mechanical intergrowth process in functional symbiotic hetero-nanocomposites for super interfacial charge separation, where interfacial dislocation appears to be a universal cause.
Introduction
Symbiotic hetero-nanocomposites prevail in many classes of minerals, functional substances and/or devices, 1-3 providing opportunities to maximize interfacial/surface chemical reactions and synergistic effects between components essential for important applications. Important applications of these heteronanocomposites have been witnessed in a variety of elds, including catalysis, photovoltaic conversion, energy storage, decontamination, and clean energy production since these nanocomposites are merited by optimum interfacial/surface chemical reactions and synergistic effects of components.
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Depending on the interconnection of each component through van der Waals forces or covalent bonds and on the interplay of individual components, heterogeneous composites could always generate a superior performance. For example, strong interfacial interactions in between components enable charge transfer within heterogeneous composites, accounting for the effective separation of photo-generated electrons and holes through interfaces for excellent photocatalytic overall water splitting activities. [9] [10] [11] [12] [13] [14] When noble metals are strongly supported onto oxides in forming heterogeneous composites, excellent CO oxidation ability was achieved because of the simultaneous CO adsorption of noble metals and oxygen activation of MO x . [15] [16] [17] Indeed, when growing nanocomposites or epitaxial oxide lms, pronounced interfacial interactions could be possible because of the interfacial dislocations that directly inuence the average stress and strain states in the composites, 18 while upon cooling down from the growth temperature, tensile strain is stored in the composites or lms (owing to the thermal expansion mismatch between component oxides) which could stabilize certain highly useful, but also barely accessible phases under ambient conditions. 19 All these demonstrate a great possibility of using interfacial dislocations or strains in developing symbiotic hetero-nanocomposites that contain unachievable phases for many important applications, which however remains a signicant challenge owing to the tedious formation conditions (like pre-synthesis and post-processing) and the need for precise control over atomic nucleation in synthetic chemistry. Consequently, it is highly necessary to explore one-step approaches for synthesizing symbiotic heteronanocomposites via precise control over the composition intergrowth during the nucleation and crystallization process.
Depending on the synthetic chemistry, symbiotic heteronanocomposites could be achieved in many classes of oxide systems because of the intrinsic nature of polymorphs. For instance, TiO 2 has many crystalline phases. Heterogeneous composites formed in between rutile, anatase, and/or brookitetype TiO 2 have been evidenced (e.g., anatase/rutile, anatase/ brookite, rutile/brookite or anatase/rutile/brookite) to show strong interfacial interactions because of the intergrowth of these phases during the synthesis of TiO 2 . Closely related to the specic combination of these constituent structures, heterogeneous composites have found a broad range of applications such as in photocatalysis, lithium-ion batteries, CO oxidation, and ammonia synthesis. 17, [20] [21] [22] P25 is a typical heterogeneous composite that consists of anatase and rutile at a molar ratio of 79 to 21, and has shown a preeminent performance in photocatalytic hydrogen production and sewage treatment. Indeed, the intergrowth compositions of TiO 2 are rather limited to those of common phases, while heterogeneous composites that involve many other unconventional phases of TiO 2 (like TiO 2 -H, CaCl 2 phase, or a-PbO 2 phase, etc.) are barely accessible. This is because the synthesis of these unconventional phases can only be achieved under harsh experimental conditions such as high pressure and high temperature, even though these phases have been predicted to have superior activity in batteries and photocatalysis. 23, 24 Consequently, an intergrowth of heterogeneous composites with those unconventional phases is highly important, but also fairly challenging.
We hold the opinion that the CaCl 2 phase and rutile could most probably form a symbiotic hetero-nanocomposite with a broad impact if successful. We took CaCl 2 /rutile as the target to study based on the following considerations: (i) among all unconventional phases of TiO 2 , the orthorhombic CaCl 2 -type TiO 2 polymorph with a space group of Pnnm is a distorted structure of tetragonal rutile with a relative tilt of adjacent ribbons about the c-axis, whose structure is very close but absolutely different from rutile. They are likely to connect with each other and grow together through orientation attachment, leading to dislocations in between them that could in turn stabilize this metastable phase; (ii) although the CaCl 2 phase can only be synthesized under high pressure by assistance of foreign ions currently, 25, 26 solution chemistry especially the hydrothermal approach merited by a special subcritical reaction medium and abundant intermediate states could regulate the exible reaction procedure to obtain several special phases with a metastable structure. Further, hydrothermal methods allow control over the nucleation and growth processes essential for synthesizing symbiotic hetero-nanocomposites with strong interactions. 27 (iii) There are many other rutile counterparts like SnO 2 , SiO 2 , GeO 2 , and RuO 2 that have been found to transform into the CaCl 2 structure under high pressure. [28] [29] [30] [31] Thus, once such a solution methodology was established, one may expect more opportunities to develop other CaCl 2 /rutile symbiotic hetero-nanocomposites. As we all know, rutile is an excellent multi-functional material in a wide range of elds, and thus it is highly possible for symbiotic hetero-nanocomposites with a distorted rutile structure to show superior performances that have not yet been accessible.
Herein, we successfully synthesized a symbiotic heteronanocomposite that consists of metastable CaCl 2 structured TiO 2 and rutile TiO 2 via a mild solution chemistry approach. The composite structure of symbiotic CaCl 2 /rutile TiO 2 was conrmed by XRD data renement, EXAFS, and Raman spectra. Then, the phase diagram for the symbiotic heteronanocomposite was depicted based on the reactant concentration and reaction temperature, in which the Ti(OH) 2 (OH 2 ) 4 2+ saturation ion played a crucial role. Despite the presence of metastable CaCl 2 structured TiO 2 , the as-prepared heteronanocomposite showed a high stability and a superior performance in photocatalytic H 2 evolution reactions through forming a type II heterojunction. This work provides insights into developing new methods for synthesizing high-performance symbiotic hetero-nanocomposites that contain metastable compounds.
Results and discussion
Titania polymorphs in this work were synthesized through a high-acidity hydrothermal process utilizing TiCl 4 as the titanium source, and no other reagents were needed except for the aqueous solution. Aer reaction at 120 C for 2 h, the product was examined by powder X-ray diffraction (XRD) to identify the structure. As shown in Fig. 1c , the XRD data of the product were readily indexed to a rutile phase of TiO 2 in tetragonal structure (JCPDS no. 21-1276). However, unlike the traditional rutile TiO 2 , the diffraction line (110) around two theta of 28 is clearly asymmetric (Fig. 1a) . This diffraction peak could be tted well using two Lorentz tting peaks: one shied towards a higher diffraction angle, while the other one shied oppositely and became symmetric gradually aer calcination at 200 C and 400 C (Fig. S1 † and 1b) . Typically, the origins of the doublet peaks are regarded as K a1 and K a2 rays of the Cu target during XRD measurements. However, the peak splitting caused by the Cu target couldn't be so large. 32 Thus, the inuence of the instrument was excluded, and the peak splitting around two theta of 28 could be attributed to the change of the structure. To the best of our knowledge, the peak splitting of diffraction peaks could be the consequences of (i) strain; for instance, polymer capping induced strain may result in changes in the lattice constant, and crystal boundary strain in the twin crystal could give rise to doublet XRD peaks; [33] [34] [35] (ii) surface species, such as water vapour on the surface of ice;
36 and (iii) distortion of the structure. 37 Asymmetry of diffraction peaks induced by strain and surface species is oen composed of one strong intrinsic peak accompanied by weak peaks at the shoulder, differing from two comparative peaks. The sole possibility is appearance of the composition in a new phase. Firstly, we assumed that the peak splitting originates from two rutile TiO 2 phases intergrown with a shrinking lattice and an expanded lattice. That is, two tetragonal TiO 2 structures with space group of P4 2 /mnm coexist in this material. Thus, according to eqn (S1), † two sets of lattice parameters could be obtained when calculated using d values of peaks (110) and (101), as shown in Table S1 . † The lattice volume obtained from the le peak (peak 1) is well consistent with the experimental curve of V-1/D of rutile TiO 2 , while the lattice volume obtained from the right peak (peak 2) severely deviates from the curve (Fig. S2 †) , giving a hint that peak 2 does not originate from rutile TiO 2 with a contracted lattice. This means that one has to look for other structured TiO 2 similar to rutile. Coincidentally, a similar phenomenon has been found in rutile SnO 2 under a pressure of 250 bar, and the author assigned the structure to a CaCl 2 structure (space group Pnnm) that forms through a second-order phase transition from the rutile phase.
38
Typically, the CaCl 2 structure is an orthorhombic structure that occurs at a very high pressure, which has been found in many rutile structured compounds including SnO 2 , SiO 2 , GeO 2 , RuO 2 , TiO 2 , etc.
25,28-31 It seems reasonable that there is a CaCl 2 phase in the as-prepared TiO 2 , which explains the peak splitting around two theta of 28 in Fig. 1a . Thus, the XRD patterns were tted in terms of rutile and CaCl 2 structure. As one expected, the results agree well with the data (Fig. 1 In order to further verify our speculation, CaCl 2 /rutile TiO 2 was further characterized by eld-emission scanning electron microscopy (SEM) and transmission electron microscopy (TEM) which display a cone shape at a dimension of about 2-3 mm (Fig. 2b and S6 †) . The cone was composed of numerous nanorods with a width of about 5 nm grouped by small nanoparticles through orientation attachment growth. High resolution transmission electron microscopy (HRTEM) indicates that the lattice spacing is ordered locally, while the lattice parameters vary in different parts (Fig. 2c, f and g ). The interplanar spacing (d) in different parts of Table 1 ). Besides that, there are a large number of dislocations in the joint point of both parts (Fig. 2c) . Benetting from the dislocation, the neighbouring particles attached to each other and tended to grow together, as illustrated in the schematic diagram in Fig. 2a . Thus, the formation of CaCl 2 -type structured TiO 2 intergrown with rutile TiO 2 was conrmed.
When the intergrowth structure was calcined at high temperatures, the lattice tends to be regular and transformed entirely into a rutile TiO 2 phase with a little shrinkage relative to the rutile phase in CaCl 2 /rutile TiO 2 . This observation is likely due to the phase transition of the metastable CaCl 2 structure to the rutile structure and the growth of crystals. The d spacing could be identied to decrease to a value of 0.325Å from HRTEM, which is also consistent with XRD renement results of CaCl 2 /rutile-400 and commercial rutile ( Fig. S3 and S4 , Tables S4 and S5 †). It should be mentioned that uniform mesopores ($8 nm) appeared with the cone-shape maintained aer calcination ( Fig. 2d and S6b †), in line with the pore distributions obtained by N 2 adsorption/desorption isotherm curves (Fig. S5 †) . Lattice rearrangement should be responsible for the appearance of mesopores. As the calcination temperature increased, the specic areas decreased (Table S6 †) due to the grain growth.
The Raman spectrum is oen used as a ngerprint to analyze the symmetry and structural order. As shown in Fig. 3a 39 As shown in the schematic diagram in Fig. 3a , the oxygen ions vibrate perpendicular to the Ti-O bond in the B 1g mode. Typically, the B 1g mode is highly sensitive to the longrange order of TiO 2 crystals and soens signicantly more than other modes under high pressures. 41 The Raman shi in rutile oen has a relationship with the strain, O/Ti ratio, size effect, O isotope, and volume effect, which usually give rise to several wavenumber shis. 39, 40, 42, 43 The most signicant factor could be the pressure-induced-volume effect as represented by a shi of about 20 cm À1 soened at 6 GPa. 40 Several viewpoints have attributed the origin of anomalistic soening in the B 1g mode to a thermal/pressure-induced-lattice contraction or an incipient structural phase transition, which explains well the soening of mode B 1g . Thus, the new emerging peak at 110 cm À1 most likely originates from CaCl 2 structured TiO 2 in CaCl 2 /rutile TiO 2 . Due to the intense signal of this vibration, the intrinsic signal for rutile is covered by that of CaCl 2 phase TiO 2 .
In order to investigate the coordination environment of CaCl 2 /rutile TiO 2 , Ti K-edge X-ray adsorption spectra of CaCl 2 / rutile TiO 2 and its calcined samples were measured and compared. As shown in Fig. 3b Fig. 3c . The line shape of CaCl 2 /rutile TiO 2 , CaCl 2 / rutile-200 and CaCl 2 /rutile-400 is similar to that of commercial rutile TiO 2 except for a subtle change in the relative intensities of peaks and the absorption edge. The three major features in the pre-peaks of the Ti K-pre-edge region are labelled A, B, and C, which are identied to be associated with hybridized Ti 3d-4p, and 1s / 2t 2g and 1s / 3e g transitions, respectively.
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The intensity of pre-peak B in CaCl 2 /rutile TiO 2 , CaCl 2 /rutile-200, and CaCl 2 /rutile-400 is stronger than that of commercial rutile TiO 2 . It is well established that the intensity of pre-peak B enhanced with increasing concentration of defects. 45, 46 Oxygen vacancy signals were then detected by ESR at g ¼ 2.00 (Fig. S7 †) , 47 , while, the inconformity of the absorption edge of CaCl 2 /rutile TiO 2 cannot be explained in terms of valence characteristics of Ti ions. Instead, the covalency in CaCl 2 /rutile TiO 2 was enhanced due to the shortened Ti-O distance.
In addition, Ti L 2,3 -edge absorption spectra are also measured to study the electronic structure, as shown in Fig. 3d . Two sets of local maxima over this energy range could be assigned to Ti 2p 3/2 (L 3 : peaks t 2g and e g ) and Ti 2p 1/2 (L 2 : peaks t 2g and e g ) core levels into empty Ti 3d states.
48,49 It should be It is well known that the formation of TiO 2 in different phases (like rutile, anatase, and brookite) proceeds under specic conditions, and these phases oen transform into each other through external energy, as previously reported.
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However, CaCl 2 structured TiO 2 has not been obtained under mild conditions and the formation inducement has not been uncovered. Herein, we initiated experiments under a broad range of conditions with varying the amount of reactants and reaction temperature with an aim to obtain the phase diagram for given phases and nanostructures (Fig. 4a, S8 and S9 †). It seems that solution reaction with a high concentration of TiCl 4 leads to the occurrence of CaCl 2 -type structured TiO 2 , while a low concentration of TiCl 4 causes an appearance of the anatase phase. In the boundary of the CaCl 2 phase and anatase phase, pure rutile formed. With increasing the amount of TiCl 4 , no products could be obtained except for a solution. Through this mapping, we didn't nd an indication that pure CaCl 2 phase TiO 2 is formed through the hydrolytic process of TiCl 4 . This may be due to the metastable structure of CaCl 2 phase TiO 2 , which makes it hard to stabilize by itself. Further, the symbiotic structure is vital in stabilizing the metastable CaCl 2 phase TiO 2 . Based on the synthetic maps, the possible formation process of CaCl 2 /rutile TiO 2 was proposed in terms of the schematic diagram in Fig. 4b : when the starting reactant TiCl 4 was dissolved in water, water-soluble precursor Ti(OH) 2 (OH 2 ) 4 Cl 2 was formed initially, and the solution became highly acidic. Then, the precursor was dissociated and condensed to crystallize TiO 2 through an oxolation. At a high concentration of TiCl 4 , Ti(OH) 2 
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The stability of CaCl 2 /rutile TiO 2 was measured using in situ XRD through increasing the temperature gradually. The double peak feature of plane (110) is still clear when calcined at temperatures <200 C, and then fades away as the calcination temperature increases (Fig. 5a) . Meanwhile, such a feature remains unchanged if the samples are kept at room temperature for as long as three years (Fig. 5c) , suggesting a good stability. Clearly, in the phase transition process, the double peaks located at two theta of about 27.0 and 27.9 gradually change into a single peak at two theta of about 27.5 (Fig. 5b) .
This reects the lattice change process more intuitively: the CaCl 2 phase fades away little by little, and the rutile phase contracts in the lattice with grain growth. (Fig. 6a) . The conduction band minimum of both materials originates from the Ti 3d orbital, and the valence band maximum consists mainly of the O 2p orbital. Nevertheless, the band gap energy of CaCl 2 structured TiO 2 (E g z 3.3 eV) is obviously larger than that of rutile TiO 2 (E g z 3.1 eV). The origin of the difference in band structure lies in the unique features of CaCl 2 phase TiO 2 , which owns an entirely different octahedral conguration and Ti-O bond length when compared to rutile TiO 2 . The change in bond length could affect the interaction between orbitals, leading to variations in the band position. 55 Experimentally, we measured the diffuse reectance ultraviolet-visible spectra and XPS valence band spectra. The absorbance range of CaCl 2 /rutile TiO 2 is similar to that of rutile TiO 2 (E g z 3.1 eV) except for an enhanced absorption intensity around 360 nm (Fig. S10 †) . Combined with the DOS analysis results in which the band gap of CaCl 2 phase TiO 2 is wider than that of rutile TiO 2 , we could attribute the enhanced light absorption near 360 nm to the electron excitation from the O 2p orbital to the Ti 3d orbital of the CaCl 2 phase TiO 2 . The edge absorption around 400 nm primarily originates from electron excitation from the O 2p orbital to the Ti 3d orbital of rutile TiO 2 . From XPS spectra in Fig. S11, † (Fig. 6f) . Photoexcited charges would transport and accumulate in semiconductors. 56, 57 That is, photo-generated electrons in CaCl 2 structured TiO 2 could transport to rutile TiO 2 preferentially to conduct reduction reactions. Meanwhile, the holes le in the valence of rutile TiO 2 would transport to CaCl 2 structured TiO 2 preferentially to react with the sacricial agent.
The charge separation and transport efficiency were evaluated through electrochemical impedance measurements (EIS). As shown in Fig. 6b , the arc in the low-frequency range originates from electron transfer resistance (R t (Fig. 6d) . Surprisingly, without the assistance of a cocatalyst, CaCl 2 /rutile TiO 2 still showed the most outstanding performance under the illumination of simulated sunlight (Fig. 6c) , which also indicates the excellent charge separation ability of symbiotic CaCl 2 /rutile TiO 2 . The cycle tests of CaCl 2 /rutile TiO 2 for photocatalytic H 2 generation proved a high stability in performance (Fig. S12 †) , which is further conrmed by the maintained structural feature aer photocatalytic tests (Fig. S13 †) . Such an excellent performance can be primarily attributed to (i) the special structure of CaCl 2 -phase TiO 2 which provides the CaCl 2 /rutile TiO 2 hetero-nanocomposite with a higher reduction ability, and (ii) the symbiotic relationship that allows the CaCl 2 /rutile TiO 2 hetero-nanocomposite to show a strong interaction, which could separate and transport carriers efficiently. TiO 2 is a multipurpose material, and many efforts have been made investigating the microwave absorption and terahertz absorption performance of hydrogenated TiO 2 .
59,60 Thus, we examined the microwave absorption performance (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) 
Conclusions
We report the synthesis of a symbiotic CaCl 2 /rutile TiO 2 heteronanocomposite through a facile hydrothermal approach. The successful synthesis relies on the existence of high concentration Ti(OH) 2 (OH 2 ) 4 2+ , which affects nucleation and crystallization behaviour, resulting in the formation of CaCl 2 structured TiO 2 intergrown with rutile TiO 2 . In this composite, orthorhombic CaCl 2 phase TiO 2 with a space group of Pnnm was stabilized by tetragonal phase rutile nanocrystals through dislocation connection in between both structures. Such a symbiotic relationship leads to a type II heterojunction, which enhances the charge separation and transport ability. The specic structure of CaCl 2 /rutile TiO 2 elevated the reduction capacity, enabling a superior photocatalytic water splitting activity higher than that of the most widely used photocatalyst P25. We believe that the synthesis of the symbiotic CaCl 2 /rutile TiO 2 hetero-nanocomposite reported here would facilitate its extensive research in those elds that have not yet been found and would provide guidance for the synthesis of other advanced hetero-nanocomposite materials.
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